,-Unsaturated compounds have drawn interest from diverse areas like medicine, biochemistry, and polymer chemistry. [1] [2] [3] These ,-unsaturated compounds are essential units in various substances of natural origin like pheromones, insecticides, pesticides, etc. 4 Introduction of heterocyclic moieties into these ,-unsaturated compounds has become important in synthetic chemistry for the preparation of highly complex molecules. Hence, there is always a need to synthesize ,-unsaturated compounds by efficient and novel methods. 5 In recent years, synthetic organic chemistry has furthermore focused on environmentally friendly catalysts and the use of renewable feedstocks. [6] [7] [8] [9] Furans are heterocyclic aromatic compounds that can be prepared from aliphatic sugars and thereby provide interesting platform molecules for the bio-based process industry. 10 Furans have been emphasized as one of the top-added value group of chemicals derived from biomass and are identified as key chemicals produced in the lignocellulosic biorefinery. 11, 12 An example of a furanic aldehyde is furfural (1a), which is currently used predominately as a selective solvent. 13 5-Methylfurfural (1b) is another example and serves as a versatile solvent and a useful intermediate for the production of, e.g., pharmaceuticals, chemicals for agriculture, and perfumes.
14-16 5-Hydroxymethylfurfural (5-HMF, 1c) has received a lot of attention as it can be produced on a large scale by acid-catalyzed dehydration of fructose. 5-HMF is an intermediate for many products, including pharmaceutical products, 17, 18 flavor enhancers in the food industry, 19 polymers, 10 and alkane biofuels. 20 The Knoevenagel condensation is a useful reaction for producing the above-mentioned ,-unsaturated compounds from an aldehyde and an activated methylene compound. [21] [22] [23] In this paper, we report the use of various ammonium salts in the solvent-free Knoevenagel condensation of furanic aldehydes (Scheme 1) and use this case to gain more mechanistic insight into this reaction. 
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To extend the application of the Knoevenagel condensation on aromatic aldehydes, the condensation with malonic acid was performed on furfural (1a) using the previously reported catalyst ammonium bicarbonate under solventfree conditions. 24 In line with the results with benzaldehyde, the conversion of furfural to its corresponding furanic dicarboxylic acid 3a was completed at 50 °C within 1 hour with high isolated yields. This green Knoevenagel condensation also performed well under the same conditions using 5-methylfurfural (1b) or 5-HMF (1c) as shown in Table 1 . In order to gain more insight into the catalytic intermediates of this Knoevenagel condensation, it was attempted to isolate the catalytically active compounds. In order to do so, increasing amounts of ammonium bicarbonate were added to furfural at 50 °C in the absence of malonic acid. Under these conditions, a yellow-white solid with a decomposition temperature around 110 °C was isolated. At a ratio of 0.67 equivalents of ammonium bicarbonate to furfural, a 100% conversion of furfural was achieved. Analysis with NMR spectroscopy and MS showed the product to be hydrofuramide (N,N′-difurfurylidene-2-furanethane-diamine (4a), Scheme 2).
26 For 5-methyl furfural and 5-hydroxymethyl furfural the corresponding hydrofuramides 4b and 4c could also be isolated and characterized with NMR spectroscopy and MS. To the best of our knowledge this is the first time the compounds hydro 5-methyl furamide (4b) and hydro HMF furamide (4c) are reported (see Supporting Information).
These double Schiff bases were not stable and returned quickly to their corresponding furanic aldehydes in the presence of an acid. The instability of the hydrofuramides in an acidic environment explains why they were not observed previously during the Knoevenagel condensation using malonic acid. Formation of the different hydrofuramides was not limited to ammonium bicarbonate; ammonium carbonate (NH 4 ) 2 CO 3 and ammonium carbamate NH 4 H 2 NCO 2 worked just as well and all above-mentioned hydrofuramides were isolated in high yields (>95%) using all three salts. We assume that ammonia is easily released from these ammonium salts and is thereby the key reactive component in the formation of the hydrofuramides.
To demonstrate that the hydrofuramides are not just storage for the furanic aldehydes and ammonia but a 'catalytic' intermediate, various amounts of hydrofuramide 4a were added to a mixture of furfural and malonic acid at 50°C
( Figure 1 ). The reported mol percentages of hydrofuramide were calculated relative to malonic acid, and the total amount of furfural (free and incorporated in 4a) was kept equal to malonic acid. Figure 1 clearly shows that hydrofuramide accelerates the conversion of furfural into its corresponding furanic dicarboxylic acid (3a). Using 10 mol%, hydrofuramide full conversion towards furanic dicarboxylic acid was reached within 1 hour. Using 1.25 mol% of hydrofuramide, complete conversion was reached within 2 hours. Note that without the addition of hydrofuramide 4a, the product furanic dicarboxylic acid 3a was also formed. This is because the carboxylic acids of malonic acid also have catalytic activity in the condensation reaction. 27 In order to block the effect of the carboxylic acid groups of malonic acid and to obtain an accurate picture of the catalytic activ- 
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ity of hydrofuramide, the same set of experiments was performed using diethyl malonate (5a, Figure 2 ) instead of malonic acid. Upon addition of 33 mol% of hydrofuramide 4a, all furfural is incorporated in the catalytically active double Schiff base. Once in contact with diethyl malonate, the final product diethyl 2-furylmalonate 6a was produced very fast. There was still a proper conversion of furfural to diethyl 2-furylmalonate using relatively small amounts of hydrofuramide, i.e., using 2.5 mol% hydrofuramide relative to diethyl malonate resulted in 50% conversion of furfural in 2 hours. Contrary to the experiments with malonic acid, the desired product was only formed after addition of the catalytic intermediate hydrofuramide.
As demonstrated by the results collected in Table 2 , the Knoevenagel condensation of furanic aldehydes with diethyl malonate using ammonium bicarbonate also performed well using 5-methylfurfural (1b) or 5-HMF (1c) with near quantitative HPLC yields and high isolated yields above 80%. 29, 30 Two molecules of furfuryl imine I can subsequently combine into molecule II which has been identified in the reaction mixture using MS. Finally, a third furfural is incorporated into molecule II, resulting in the production of hydrofuramide 4a, which forms the basis of the catalytic cycle marked by the green cycle at the bottom of Scheme 3. This catalytically active double Schiff base can couple diethyl malonate 5a to one of its furanic units, resulting in the desired end product 6a. Molecule II is formed as another catalytic intermediate of this reaction and can regenerate hydrofuramide 4a, closing the catalytic cycle.
After all furanic starting material has been transformed into the product, hydrofuramide is consumed in subsequent steps, each generating product 6a as shown on the left hand of Scheme 3. Scheme 4 expands on a possible mechanism for the catalytic cycle from Scheme 3. First, a hydrogen atom from the -carbon of diethyl malonate 5a is transferred to an imine nitrogen in hydrofuramide 4a (step i). The ion pair created reacts to form a carbon-carbon bond (step ii). After this reaction, a second hydrogen atom from the -carbon of the diethyl malonate moiety is removed by the former imine nitrogen atom (step iii) and the desired ,-unsaturated product 6a is formed after a final electron flow (step iv). Molecule II is formed as an accompanying product and regenerates hydrofuramide after coupling with furfural (step v). To determine the order of the reaction, both the concentration of furfural and diethyl malonate were varied. With higher concentrations of furfural, the conversion rate to product 6a remained constant. With a higher diethyl malonate concentration, the conversion rate to product 6a increased. This shows that diethyl malonate is involved in the rate-determining step.
In addition to diethyl malonate, other -keto compounds were tested as reaction partners for furfural. To get a good picture of the varying reactivity of the -keto compounds, a temperature of 60 °C was chosen ( Table 3 ). The acidity of the -hydrogen in the -keto compounds appears to play a major role in the interaction between the -keto compound and the double Schiff base 4a. More acidic -hydrogens 31,32 corresponded with higher conversion to the ,-unsaturated products after 1 hour. These observations seem to underline the importance of the hydrogen transfer between the -carbon of diethyl malonate and the imine nitrogen of hydrofuramide 4a in the catalytic mechanism. 
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times these reactions proceed in a biphasic system with water but most of the time in solvent-free conditions. Our idea is that all these different reactions proceed via the same, above-mentioned mechanism. This is reinforced by the fact that when we revisited the original Knoevenagel reaction using different ammonium salts as catalyst (in line with the conditions reported in Tables 1 and 2 ), hydrofuramide 4a and intermediate II were always found in the reaction mixture using MS analysis.
To the best of our knowledge, this is the first time this kind of catalytic activity of hydrofuramides is reported in Knoevenagel-like reactions. Further research needs to be done on aspects of solubility, stability, and catalytic activity of these double Schiff bases in the Knoevenagel condensation.
In conclusion, it has been shown that the green Knoevenagel condensation is very suitable for making ,-unsaturated compounds from furanic aldehydes. A mechanism is proposed in which the furanic aldehydes react with ammonia, released from ammonium salts to form a catalytically active double Schiff base. A closed catalytic cycle has been proposed where the -keto compound is involved in the rate-determining step, but the furanic aldehyde is not. This mechanism explains why many different ammonium salts, including ammonium bicarbonate, have been correctively reported as catalysts in Knoevenagel-like reactions.
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